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Metabolic Adaptations of Several Species of
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Abstract. Although some species of fish, crustaceans,
and molluscs may behaviorally avoid hypoxic masses of
small size and limited duration, others cannot. In a series
of crustaceans, tolerance of hypoxia over 28 days at
30°C, decreases as follows: Enrypanopeus depressus (38
Torr = LCs) > Palaemonetes pugio > Rhitlropanopeus
harrisii > Penaeus aztecus > Callinectes sapidus (121
Torr = LCsy). Callinectes sapidus and E. depressus die
during 12-h exposure to anoxia and their heat dissipation
rates (quantified by microcalorimetry) are depressed in
seawater at 25% air saturation (normoxia) to only 32 and
47% of their metabolic rate at normoxia. In contrast,
starved Crassostrea virginica and Thais haemastoma are
anoxia tolerant; their metabolic rates are depressed un-
der anoxia to 75% and 9% of the normoxic rate. Hypoxia
tolerance is greater at 20°C than at 30°C for Penaeus az-
tecus and Crassostrea virginica, but no temperature
effect on tolerance exists for Callinectes sapidus. Hyp-
oxia tolerance varies inversely with salinity tor Penacus
aztecus at 20° and 30°C and for Callinectes sapidus at
30°C, but it varies directly with salinity at 20°C in Calli-
nectes sapidus. Greater depression of metabolic rate oc-
curs in molluscs during anoxia exposure (and is corre-
lated with greater hypoxia tolerance) than occurs in Cal-
linectes sapidus and Penaeus acztecus, which are not
anoxia tolerant. Heavy mortality probably occurs in
young Callinectes sapidus and Penacus aztecus and in
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stages of the life history when the organisms are incapa-
ble of avoiding hypoxic water masses.

Introduction

Mass mortality of marine and estuarine benthic com-
munities due to hypoxia has been widely reported (San-
tos and Simon, 1980a, b: Harper er al., 1981; Ofhcer et
al., 1984: Rabalais ¢t al., 1985). The occurrence of hyp-
oxic bottom waters off the Louisiana coast is a common,
recurrent, virtually annual phenomenon, locally known
as “‘dead water” (Bedinger et al., 1981; Turnerand Allen,
1982: Boesch, 1983; Renaud, 1985: 1986a; and Rabalais
et al., 1986a, b). Hypoxic water masses may persist for
weeks. Reports suggest that fish and crustaceans avoid
hypoxic waters (Pavela ez al., 1983). Juveniles of two spe-
cies of shrimp, Penaeus aztecus and Peunaeus setiferis,
are capable of detecting hypoxic waters and initiating a
pattern of avoidance behavior (Renaud, 1986b). Others
have suggested that crustacean mortality may be taxon
specific, and that hypoxia heavily affects the more sus-
ceptible forms (Garlo er al., 1979). The dissolved oxygen
concentrations of offshore bottom waters have been ob-
served to be positively correlated with the combined
catches of Penacus aztecus and Penaeus setiferus, and
with fish biomass (Renaud, 1986a).

The tolerance and the physiological and behavioral re-
sponses of benthic and demersal invertebrates to long-
term (weeks) exposure to hypoxic water is poorly under-
stood. Many studies of tolerance, physiology. and bio-
chemistry are carried out only for hours to a few days.
During environmental anoxia, metabolism in bivalves is
reduced to a relatively greater extent than in crustaceans,
suggesting that bivalves should tolerate long-term anoxia
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better than crustaceans (Gade. 1983; Gnaiger 1983a,
1987).

The objectives of this study are: (1) to compare the
hypoxia tolerance of five species of decapod crustaceans
with that of the oyster, Crassostrea virginica, (2) to com-
pare the effects of temperature and salinity on the hyp-
oxia tolerance of Callinectes sapidus, Crassostrea virgin-
ica, and Penaeus aztecus since these species spend all or
part of their lives in the estuarine environment; and (3)
to correlate the hypoxia tolerance of each species [as well
as that of Thais haemastoma (see Kapper and Stickle,
1987)], with the degree of depression of metabolic rate
during exposure to hypoxia and anoxia.

Materials and Methods
Collection and maintenance

Specimens of all five species of crustaceans used 1n this
study, and Thais haemastoma were collected in the vi-
cinity of Grand Isle, LA. Crustaceans studied include the
blue crab (Callinectes sapidus), the brown shrimp (Pen-
aeus aztecus), the xanthid crabs (Eurypanopeus depres-
sus and Rhithropanopeus harrisii), and the grass shrimp
(Palaemonetes pugio). Crassostrea virginica was pur-
chased at dockside in the same area. Almost all of the
specimens were obtained in May or June, a time when
the water temperature increased from 21 to 30°C. Ameri-
can oysters (C. virginica used in the 10°C experiments)
were collected in late October. Specimens were returned
to the laboratory in Baton Rouge (LA) where they were
adapted stepwise to the experimental water temperatures
and salinities. Water temperature was maintained at the
desired value (+0.5°C) by placing the experimental
aquaria in a constant temperature water table. Experi-
mental salinity (£0.5%0S) was maintained by determin-
ing the salinity of Instant Ocean™ artificial seawater
(ASW) with a refractometer, and adding either deionized
water or an ASW made to 40%.S.

Details of the hypoxia bioassay system are given in
Kapper and Stickle (1987). Briefly, each experimental
chamber consisted of an aquarium (38 1), containing an
undergravel filter overlaid with oyster chips. Seawater
was pumped through the aquarium at a rate sufhicient to
ensure the water was completely exchanged several times
per day. Bottled nitrogen, oxygen, and carbon dioxide
were mixed with Matheson gas mixers to produce a de-
fined mixture of desired P,, and pH. This air mixture
passed through the undergravel filters at target oxygen
tensions of 107, 53, 15, and O Torr. Ambient air was used
to drive the undergravel filters of the control tanks (142-
157 Torr). P,, was always within 10-15% of the target
value at the three higher levels, the 15 Torr tanks were
within =5 Torr, and the P,,, of the 0% air saturation tanks
was usually in the range of 3-8 Torr. Each aquarium was

covered with Plexiglas and the water level was main-
tained by a constant-level siphon that drained into a fil-
tration unit that received water from all five experimen-
tal chambers in a bioassay series at the same temperature
and salinity. Experimental conditions were checked in
each chamber daily by measuring P,,, pH, and ammo-
nium concentration (Solorzano, 1969). The pH varied
between 7.6 and 8.1 and ammonium levels were consis-
tently below 25 uAf,

The range of sizes and the number of individuals used
at each P,, of a bioassay series varied among species:
Crassostrea virginica, 30-50 mm long, an average of 20
oysters per P,,: Callinectes sapidus, 28-54 mm carapace
width, an average of 8 crabs per P,,; Eurypanopeus de-
pressus, 9-16 mm carapace width, with 25 crabs per
P,,: Palaemonetes pugio, 16-27 mm total length with 25
shrimp per P,,,; Penaeus aztecus, 21-32 mm total length,
with 20 shrimp per P,,: and Rhithropanopeus harrisii,
6-11 mm carapace width, with 15 crabs per P, .

Animals were selected for each temperature series so
as to minimize size differences within and among the
temperature treatment. None of the crustaceans was ob-
served to molt during the bioassay experiments.

Survival at each P, was determined daily for 28 days
for each bioassay series. LCs, values—the P, at which
50 percent of the organisms were dead on each day—
were calculated by the SAS Probit procedure (SAS Insti-
tute, 1982), or by the Spearman-Karber technique
(Hamilton er al., 1977) if mortalities in at least two of the
five P,,s were not between 0 and 100%. Percent mortality
in the control P, tanks varied from 0 to 10% for Crassos-
trea virginica, from 0to 29% for Callinectes sapidus, and
from 0 to 50% for Penaeus aztecus. Control tank mortal-
ity, after 28 days exposure at 30°C and 20%.S, was 20%
for Eurvpanopeus depressus, 52% for Palaemonetes
pugio, and 40% for Rhithropanopeus harissii. Abbott’s
correction was used to correct control tank mortalities.
Significant differences in LCs, values among species,
temperatures, and days were determined by non-overlap
of the 95% fiducial limits.

LTs, values are the elapsed days of exposure to anoxia
until 50% of the experimental animals died. Thus LT,
values are a measure of anoxia tolerance only, whereas
1.Cs values measure the degree of hypoxia tolerance.

Metabolic rate determinations

Rates of heat dissipation were determined by perfu-
sion (open-flow) microcalorimetry using a system de-
scribed by Gnaiger (1983a, b). Rate functions were calcu-
lated as joules-g dry wt '-h™! and were determined at
25°C and 10%.S for Callinectes sapidus, Penaeus a:z-
tecus, and E. depressus. Rate functions were determined
at 25°C and 20%S for Crassostrea virginica and T.
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haemastoma. The size of experimental animals was lim-
ited by the size of the perfusion chamber (3.5 cm*; inner
diameter = |1 mm, inner chamber height = 53 mm).
Flow rate through the perfusion chamber was 20 ml-h™".
This method of determining metabolic rates has the ad-
vantage that the sum of metabolism due to acrobic and
anaerobic processes can be measured (Gnaiger, 1983a,
b). The metabolic rate of each individual was determined
over consecutive periods of perfusion with normoxic wa-
ter, anoxic water, or 25% normoxic water (=39 Torr).
The P, of the outflow water was >80% of the inflow un-
der normoxia, and <0.5 Torr under anoxia, as measured
with a Cyclobios Twin-Flow respirometer connected to
the perfusion calorimeter (Gnaiger, 1983b). Hourly rates
were determined from rates integrated for each minute
of the hour. Steady state rates were calculated from the
average of the last six hours of exposure to each experi-
mental condition. Differences in steady state rates of heat
dissipation among P,, treatments were determined by
one-way analyses of variance (ANOVA), and specific
differences among treatment means were determined by
the Students 7-test (SAS Inst., Inc., 1982).

Results
Hypoxia tolerance

The long term hypoxia tolerance, at 30°C and 10%,S,
of the five species of crustaceans and the oyster can gen-
erally be divided into two groups. Callinectes sapidus
and Penacus aztecus were very sensitive to hypoxia with
28-day LCs, valuesof 121 and 123 Torr (79.1 and 80.4%
air saturation), respectively (Table 1). The remaining spe-
cies all had 28-day LCs, values lower than 60 Torr, and
their hypoxia tolerance decreased in the following order:
Eurypanopeus depressus > Palaemonetes pugio > Rhi-
thropanopeus harrisii > Crassostrea virginica. Similar
results are obtained whether the L.Cs, values are calcu-
lated as Torr or percent saturation, but the variation in
oxygen solubility with temperature and salinity causes
the LCs, values calculated in terms of oxygen content
(PPM) to deviate significantly from values calculated in
Torr or percent saturation.

Species differences also appeared in the rate of mortal-
ity of the five species of crustaceans, and the oyster, ex-
posed to defined levels of hypoxic or anoxic seawater.
The LCs, values for Callinectes sapidus and Penaeus az-
tecus increased rapidly as a function of time of exposure;
most mortalities occurred within two days exposure (Fig.
1). In contrast, LCs, values for Rhithropanopeus harrisii
and Eurypanopeus depressus increased slowly with dura-
tion of exposure suggesting that these species are more
tolerant and also more variable in their sensitivity to hyp-
oxia (Fig. 2). LCs, values for Palaemonetes pugio in-
creased rapidly to near the 28-day value of 46 Torr (30%

saturation) on the second day of exposure with little mor-
tality occurring thereafter (Fig. 2), whereas mortality oc-
curred on the seventh day for Crassostrea virginica (Fig.
1). The rate of mortality varied directly with temperature
in Callinectes sapidus, Penaeus aztecus, and Crassostrea
virginica (Fig. 1). No mortality occurred in oysters ex-
posed to anoxia (3-8 Torr) at 10°C for 28 days (Table I).

The 28-day LCs, of the crustacean species appears to
be associated with differences in their natural habitats
and activity levels (Fig. 3). That is, the xanthid crabs Eu-
rypanopetts depressus and Rhithropanopeus harrisii,
usually associated with oyster reefs, and the grass shrimp
Palaemonetes pugio are significantly more tolerant to
hypoxia than the potentially nektonic Callinectes sapi-
dus and Penaeus aztecus. The molluscan species tested
were more tolerant of hypoxia than the crustaceans (Fig.
1, 2, 3). The average 28-day LCs, for the molluscs, at
30°C and 10%S, was 37 Torr compared with 78 Torr
for the crustaceans. Furthermore, the 7-day LCy, at 30°C
and 10%S averaged 59% of the 28-day value for the crus-
taceans (range 32-89%) compared with 29% for the mol-
luscs (range 0-57%), indicating that crustaceans die
more rapidly. Although the oysters were very tolerant of
hypoxia at 10 and 20°C, they were sensitive at 30°C. But
they had spawned just before the 30°C experiment was
conducted, which might have increased their hypoxia
sensitivity.

Metabolic rate

The rate of heat dissipation was depressed in the spe-
cies of crustaceans exposed to hypoxia and in Crassos-
trea virginica and Thais haemastoma exposed to anoxia,
as shown by analysis of variance (ANOVA); but heat dis-
sipation was considerably more depressed in Thais
haemastoma than in the other species (Table 11). There
was no significant reduction in the metabolic rate of 7.
haemastoma exposed to hypoxia (ANOVA: Table I1).
Two each of Callinectes sapidus, E. depressus, and Pa-
laemonetes pugio exposed to anoxia for 12 h in the perfu-
sion microcalorimetry system died during the experi-
ment. Callinectes sapidus, E. depressus, Palaemonetes
pugio, and T. haemastoma were therefore treated with
hypoxic water at 25% air saturation (39 Torr; Figs. 4, 5).
Three Palaemonetes pugio died upon exposure to 25%
NOrmoxic seawater.

When Callinectes sapidus and E. depressis were ex-
posed for consecutive 12-h periods to normoxic water,
hypoxic water (25% air saturation = 39 Torr) and nor-
moxic water, the heat dissipation rates of both species
declined markedly upon exposure to hypoxic water (Fig.
4). However, the posthypoxia metabolic rate of Calli-
nectes sapidus in normoxic water only returned to 75%
of its pre-exposure normoxic rate, while the posthypoxia
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Table [

Twenty-eight-day LCs, values for several species of crustaceans and molluscs

LCso?
Species T(C) S (%o} Torr % SAT PPM 1LTe?
Crustaceans

Callinectes sapidus 20 10 74+19 47.7 4.08 <1
20 124+ 0 799 6.44 <l

30 88 @ 79.3 6.03 <l

30 10 121+ 0 79.1 5.63 <l

20 119+ 0 77.8 5.23 <l

30 11+ 0 72.5 4.61 <l

Eurypanopeus depressus 30 10 I8+ 6 248 1.76 1
Palaemonetes pugio 30 10 46+ 6 30.1 2.14 1
Penaeus aztecus 20 10 105+ 12 67.7 5.79 <l
20 92+ 14 59.3 4.78 <l

30 93+t 15 59.9 4.55 <l

30 10 123+ 0 80.4 572 <]

20 l22s= @ 79.7 5.36 <l

30 115+ 0 75.1 4.77 <l

Rhithropanopeus harrisii 30 10 57+18 37.3 2.65 <l

Molluscs

Crassostrea virginica 10 10 <0 <0 <0 >28
20 <0 <0 <0 >28

30 <0 <0 <0 >28

20 10 27+« 8 17.4 1.49 20

20 16+ 4 10.3 0.83 18

30 30+ 5 19.3 1.47 20

30 10 59+ 9 38.6 2.75 8

20 78+ 18 S1.0 3.43 4

30 120+ 8 78.4 498 3

Thais hacmastoma* 10 10 15 10 1.01 20
20 8 5 0.50 27

30 9 6 0.54 20

20 10 20 13 1.10 18

20 12 8 0.62 19

30 29 19 1.43 20

30 10 13 9 0.61 >28

20 22 14 1.17 10

30 19 12 0.79 15

2 LCs Po. causing 50% mortality after 28 days of exposure expressed in: Torr (X = 95% confidence limits, where possible; % air saturation

(% SATY): content, mgO, /I (PPM).
" LTs,: days of exposure 1o anoxia causing 50% mortality.
* Data from Kapper and Stickle (1987).

metabolic rate of E. depressus in normoxic water re-
turned to 101% of its pre-exposure metabolic rate.

The rate of heat dissipation of the 7" haemastoma ex-
posed to 25% air saturated water (39 Torr) was depressed
significantly less relative to the rate under normoxia,
than that of the decapods Callinectes sapidus and E. de-
pressus (Fig. S, Table II). Thus, Thais is a significantly
better metabolic regulator than either species of crusta-
cean. Furthermore, the metabolic rates of the two 7.
haemastona exposed to various combinations of nor-
moxia, hypoxia (39 Torr), and anoxia adjust rapidly to

anoxia and exhibit an oxygen debt upon return to nor-
moxic water (Fig. 5).

Changes in the metabolic rates of starved Crassostrea
virginica (Fig. 6A), as well as in four of the six 7' haema-
stoma (Fig. 6C) provided oysters ad libitum in the lab
prior to their use (Fig. 6C), were examined. The heat dis-
sipation rates of these animals did not return to the pre-
exposure normoxic rate during the 12-h post-exposure
period in normoxic seawater. The heat dissipation rate
of C. virginica increased dramatically upon initial expo-
sure to normoxic seawatcr, then declined to a steady state
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nectes sapidus, Penacus actecus, and Crassosirea virginica. Values
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level that was unchanged during 12 h of exposure to an-
oxic water. Upon the return to normoxic seawater, the
heat dissipation rates of the oysters increased dramati-
cally for the first three hours, and then declined to the
initial normoxic steady state level. In contrast, the heat
dissipation rate of the two apparently fed 7" haemastoma
exhibited an oxygen debt upon reexposure to normoxic
water after 12 h of anoxia and then returned to the initial
normoxic metabolic rate (Fig. 6B).

140 P. pugio | R. harrisit [ E. depressus
~ 120} L
NJ
o
- 100} o L
€
o 80+ + F
8
) 60F L L

40t s

201 =

0 10 20 300 10 20
DAY OF EXPOSURE
Figure 2. LCs; values (Torr O, + 95% fiducial limits) as a function

of exposure time of Palaemonetes pugio, Rhithropanopeus harrisii, and
Eurypanopeus depressus; 28 days at 30°C and 10%S.

307

%)
z

q N | P gzrecus
e \\~ iy ]Q sapidus

B AN |R harrisi

& AANANNRN P pugia

RN E depressus

0

U N

2R N _]Q virginica

= T haemostama

o " n i i i " A A
= 20 40 60 80 100

PERCENT SATURATION
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As expected, the magnitude of metabolic rate depres-
sion of these crustaceans and molluscs is directly related
to their LTso—their mortality upon exposure to anoxia.
Callinectes sapidus, E. depressus, and Palaemonetes
pugio have LTs, values of one day or less at 20 and 30°C
(Table I). Two individuals from each of these species
were examined for evidence of metabolic rate depres-
sion: none was found, and all the specimens died during
the 12-h exposure to anoxia. The metabolic rate of Cras-
sostrea virginica exposed to anoxic water was 75% of the
normoxic rate, and their LTs, was 18 and 4 days at 20°C
and 30°C. respectively. The metabolic rate of Thais
haemastoma under anoxia was reduced to 9% of their
rates in normoxic water (Table II) and their LT, was 19
and 10 days at 20 and 30°C and 20%S, respectively (Ta-
ble I).

No relationship exists between the degree of metabolic
rate depression upon exposure to anoxia, and the 28-day
LCjs, values, which are indicative of hypoxia tolerance.
Metabolic rate depression as a function of hypoxia ap-
pears to be inversely correlated with hypoxia tolerance.
Metabolic rates during exposure to 25% air saturation
are reduced to 74% of the normoxic rate for 7. haemna-
stoma, 32% for Callinectes sapidus, and 47% for E. de-
pressus (Table II).

Evidence of a classical oxygen debt exists in two 7.
haemastoma upon return to normoxic seawater after ex-
posure to anoxic water (Fig. 5, 6B). This oxygen debt is
of short duration in the two oyster drills shown in Figure
5. However, four 7' haemastoma did not exhibit an oxy-
gen debt upon exposure to normoxic seawater after 12 h
to anoxic water (Fig. 6C).

Discussion

The five species of crustaceans and two species of mol-
luscs studied difter in their tolerance to chronic hypoxia,
as well as in their sensitivity to acute exposure to anoxia.
Among the crustaceans, hypoxia tolerance in each spe-
cies appears to be closely correlated with activity level
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Table 11

Steady state rate of heat dissipation (joules-g dry wt ' h™') of four species of molluscs and crustaceans under normoxie (100% air saturation),
hypoxic (25% air saturation), and anoxic (<5% air saturation) conditions

Species n S%o Normoxia Hypoxia % Anoxia %
Crustaceans
Callinectes sapidus 5 10 18.47 = 0.31 5.91 +0.25* 32 N.D.
Eurypanopeus depressus 5 10 870+ 0.27 4.06 + 0.46* 47 N.D.
Molluscs
Crassostrea virginica 3 20 3.16 = 0.51 N.D. 2.38+0.47* 75
Thais haemastoma 6 20 8.76 + 0.99 N.D. 0.78 £ 0.04* 9
2 20 19.60 + 10.08 14.90 + 8.55 76 N.D.

All melabolic rates were determined at 25°C. N.D. = no data. All crabs died upon exposure 10 anoxic waler. % = Percent of normoxic rale.

* = significantly different (P < 0.05) from the normoxic rate.

and metabolic rate (Fig. 3). Eurypanopets depressus and
Riithropanopeus harrisii are associated with oyster reefs;
Palaemonetes pugio is associated with salt marsh vegeta-
tion; and juvenile Callinectes sapidus and Penaeus az-
tecus are active swimmers, migrating between estuaries
and offshore waters during their life cycles. A two-fold
difference also exists in the metabolic rates of Eurypano-
petis depressus and Callineetes sapidiis exposed to nor-
moxic seawater (Table II).

Sensitivity to hypoxia has also been measured as a
function of mortality in anoxic seawater, represented by
LTs, values. The resistance of marine invertebrates to
oxygen deficiency is correlated with the natural habitats
of the species (Fig. 3: Theede et al., 1969; Theede 1973).
In this study, mortality occurred more rapidly in the
crustaceans exposed to hypoxia than in the molluscs,
when all of the temperature-salinity combinations tested
were considered. All of the crustacean species exposed to
anoxia had LTy, values of one day or less, whereas the
LT, values of Crassostrea virginica ranged from greater
than 28 days at 10°C, to three days at 30°C and 30%S.
Moreover, the LTs, of Thais haemastoma ranged from
greater than 28 days at 30°C and 10%.S, to 10 days at
30°C and 20%.S.

The LTy, value is not a very sensitive indicator of hyp-
oxlia tolerance, because only animals exposed to anoxia
can be included in the calculation of the parameter. In
contrast, the determination of a LCs, value requires data
about survival as well as mortality, from several P,,, treat-
ments, so several degrees of hypoxia are represented.
There is no correlation between the LTs, and the 28-
day LCs P,,,.

If, for the species studied, the LCs, values for short
term exposure are expressed as a function of the 28-day
LCs, the phylogenetic differences between crustaceans
and molluscs are clearly highlighted. Thus. day 2 and day
7 LCs, values represent 0 and 21% of the 28-day values
for the two species of molluscs at 30°C and 10%.S,

whereas they represent 32 and 60% of the 28-day value
for the crustaceans.

Other environmental factors have an antagonistic
effect upon the tolerance of estuarine invertebrates to
hypoxia and anoxia. Sensitivity to hypoxia increases
with temperature in Crassostrea virginiea and Penaeus
actecus, as well as in 7. liaemastoma (Kapper and
Stickle, 1987), and probably results from an increased
metabolic rate at elevated temperature. The survival
time of oysters, experimentally buried to simulate natu-
ral sedimentation events, varied inversely with tempera-
ture, from more than 5 weeks at <5°C, to 4 days at tem-
peratures >25°C (Dunnington, 1968). Prolonged expo-
sure of oysters to fresh water and low salinities (<5%S)
has caused heavy mortality because they remained
closed and could not feed and maintain an aerobic meta-
bolic rate (Andrews, 1982). Oysters died, presumably be-
cause of anoxic conditions produced by dredging which
resulted in an oxygen demand of spoil bank sediments
and modification of the local hydrographic regime
(Hoese and Ancelot, 1987).

Hypoxia tolerance varied inversely with salinity for
Penaeus azteeus at 20 and 30°C and for Callinectes sapi-
dus at 30°C, but varied directly with salimity at 20°C for
Callineetes (Table 1). The inverse relationship between
tolerance and salinity noted for Callinectes sapidus and
Penaeus actecus is the opposite of that expected on the
basis of theoretical osmoregulatory costs; but activity
patterns associated with feeding may override the ener-
getic costs of osmoregulation. Juvenile blue crabs and
shrimp sometimes use the most brackish regions of estu-
aries as a nursery ground so the inverse relationship be-
tween salinity and hypoxia tolerance is correlated with
the distribution of life history stages of these species.

Behavioral avoidance activities by juvenile (65 to 101
mm total length) penaeid shrimp may temporarily allow
them to escape oxygen deficient water; i.e., below 2.0
ppm (29% air saturation or 45 Torr at 22°C and 22%oS)
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for Penacus aztecus and 1.5 ppm (22% air saturation or
34 Torr) for Penaeus setiferus (Renaud, 1986b). Juvenile
shrimp may be able to alter their migration patterns to
move around patches of hypoxic water (Rabalais e7 al.,
1986a, b; Renaud, 1986a), provided the patches are spa-
tially and temporally isolated.

The values for metabolic rate depression observed in
this study fall within the range of values reported in the
literature and emphasize the need to consider this com-
ponent of physiological adaptation in relation to the life
cycle niche occupied by each species. It is not surprising
that juvenile blue crabs, which are active swimmers, are
intolerant of anoxia, and that their metabolic rate at 25%
air saturation is depressed only to 32% of their normoxic
metabolic rate. Although Eurypanopeis depressus is also
intolerant of anoxia and exhibits metabolic rate depres-
sion to 47% of its normoxic rate upon exposure to 25%
air saturated seawater, its brackish water oyster reef habi-
tat is not exposed to hypoxic water masses of the same
duration as those that develop offshore (Rabalais ez al.,
1985). These crabs are exposed to diurnal variations in
oxygen tension. In contrast, the copepod Cyclops abys-
sorwm, which lives in alpine ponds that become hypoxic
in the winter, exhibits metabolic rate depression to 17%
of the normoxic rate upon exposure to anoxia at 6°C
(Gnaiger, 1981).

The metabolic rate depression of molluscs exposed to
anoxic seawater is also highly variable among species,
ranging from 9% of the normoxic rate in 7. hacmastoma

(Table 1), 11% in AMytilus edulis (Famme et al., 1981
Shick et al., 1983), 75% in Crassostrea virginica 1o only
97% in Mulinia lateralis (Shumway er al., 1983). Sessile
and infaunal bivalves generally show a strong resistance
to anoxia due in part to a reduction in activity and hence
energy use (Shick er al., 1986). In this study, Crassostrea
virginica (2 to 19 mg dry weight) were starved for 35 to
65 days prior to the experiment. In bivalves, their oxygen
consumption rate is directly coupled with filtration activ-
ity associated with feeding (see discussion by Bayne et
al., 1976). Starved Crassostrea virginica probably exhib-
ited a reduced filtration activity and heat dissipation rate,
In Mytilus edulis, the increase in oxygen consumption
of starved mussels oftered food is almost instantaneous
(Widdows, 1973). The increased heat dissipation rate of
oysters immediately after perfusion with normoxic sea-
water (Fig. 6A) may therefore represent “‘testing” of an
altered ambient environment after which the active rate
of the oysters was reduced to the standard, nonfeeding
rate. 7. hacemastoma is exposed to diurnal and seasonal
periods of anoxia, both in the water column, and when
it burrows into the anoxic zone of sediments for a large
portion of the winter and intermittantly in the summer
(Kapper and Stickle, 1987).

The two metabolic patterns shown by 7" haemastorna
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Figure 5. Hourly heat disstpation rates (at 25°C and 30%.S) of two
(A and B) Thais haemastoma (solid hnes—f— ) exposed to various com-
binations of normoxia (100% air saturation), hypoxia (25% air satura-
tion), and anoxia. Dashed lines: percent air saturation values for ambi-
enl seawater.
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in response 10 normoxic seawater afier 12-h exposure 1o
anoxic seawater (Fig. 6B, C), are probably related to the
feeding history of the snails. Feeding rate is the primary
bioenergetic component 1o become variable in gradients
of environmental factors, and certain individuals cease
feeding altogether under stressful conditions (Stickle,
1985). Small oyster drills, such as those used in this
study. are particularly sensitive to the selection of opti-
mum-sized bivalve prey, because prey size can limit the
ingestion rate, and hence the energy budget of the preda-
tor (Garton, 1986). T. haemastoma prefers a number of
different prey items (Butler, 1953), the importance of
which may vary with the size of the snail. Oyster drills
also exhibit a large specific dynamic action effect, ele-
vated metabolic rates associated with digestion of food.
in normoxic seawater, anoxic seawater, and when ex-
posed to the air (Stickle er a/., 1986). All of these factors
probably contributed to the variability in individual met-
abolic rates which resulted 1n two apparent patterns of
response in the recovery of oyster drills from 12 h of an-
oxia.

The metabolic rate depression of T. haemastoma ex-
posed to anoxia (Table 1) suggests a switch to the rela-
tively more efficient succinate and propionate pathways
in the molluscs, compared with the well developed, but
less efficient, classical glycolysis system in the crusta-
ceans (Gade, 1983; Gnaiger, 1983a, 1987; and deZwaan
and Thillart, 1985). During initial exposure to environ-
mental anaerobiosis, the biochemically estimated ATP
turnover rate may drop to about 10% of aerobic resting
rates in crustaceans, and the reductions may be even
larger in molluscs (deZwaan and Thillart, 1985). During
the initial exposure to anoxia. when aspartate is still the
precursor of succinate in the molluscs, the rate is three
to five times higher than the subsequent anaerobic steady
state and is fueled by both phosphagen and ATP hydro-
lysis (deZwaan and Thillart, 1985:; Kapper and Stickle,
1987). When the steady state is reached, the glycolytic
flux is reduced and channeled towards malate, whereas
the phosphagen pool is somewhat depleted relative to
normoxia levels (deZwaan and Thillart, 1985; Kapper
and Stickle, 1987).

No evidence of oxygen debt was observed with Calli-
nectes sapidus (Fig. 4A), E. depressus (Fig. 4B), starved
Crassostrea virginica (Fig. 6A), or specimens of 7.
haemastoma whose metabolic rates did not even recover
to the initial normoxic rate after 12-h exposure to anoxic
seawater (Fig. 6C). In contrast, the 7. hacmastoma indi-
viduals that did recover to the initial normoxic rate after
12-h exposure to anoxic seawater, exhibited an oxygen
debt upon their postanoxic exposure to normoxic seawa-
ter (Fig. 6B).

Two basic processes occur during recovery from envi-
ronmental anoxia: (1) recharging of the phosphagen
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Figure 6. Hourly heat dissipation rates of three Crassostrea virgin-
ica (A), two Thais haemastoma which recovered from exposure 1o an-
oxia at 25°C and 20%S (B). and four 7" haemastoma which did not
recover from exposure to anoxia (C). Rates expressed as: J.g dry wt '
h '+ S.E. (solid lines for the mean —<—: standard error limits by solid
lines). The animals were exposed to consecutive 12-h periods of nor-
moxia, anoxia, and normoxia at 25°C and 20%S. Dashed lines: percent
air saturation values for ambient seawater.

pool: and (2) the disposal of end products by excretion,
oxidation, or conversion back to anaerobic substrates
(Ellington, 1983). Oxygen debts are regular phenomena
in free-living invertebrates and may be attributed, at the
molecular level to the increased energy demands for dis-
posal of end products and recharging of the phosphagen
and ATP pools (Herreid, 1980). Patterns of oxygen debt
in invertebrates tend to be highly variable from species
to species. and may reflect differences in the degree of
reduction of energy metabolism, hence end-product ac-
cumulation under anoxic conditions (Herreid, 1980)
and the duration of exposure to anoxia. Upon exposure
to anoxia for 24 h, Thais haemastoma, the species that
exhibited the greatest metabolic rate depression in our
study (Table 11), showed a return of the adenylate energy
charge to the pre-exposure level within 6 h. But the argi-
nine phosphate concentration returned to only about
half of its pre-exposure value 24 h after the oyster drills
were returned to normoxic water (Kapper and Stickle,
1987). Lack of an oxygen debt in some 7. haemastoma
(and possibly Crassostrea virginica), whose postanoxia
metabolic rate did not recover to the initial rate after 12-
h exposure to anoxia, may be due to a reduced metabolic
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rate after long term starvation (Fig. 6C compared with
6B) coupled with a slow replenishment of the phospha-
gen pool and. perhaps, washout of anaerobic end prod-
ucts during exposure to anoxic water.

In conclusion, significant interspectes variability exists
in the 28-day LCs, values for the five species of crusta-
ceans studied, ranging from 38 Torrin Eurypanopetis de-
pressus. to 121 Torr in Callinectes sapidus. In addition,
species differences exist in the rate of mortality of the five
species of crustaceans, and in the oyster, when exposed
to defined levels of hypoxic or anoxic seawater. LCs, val-
ues for Callinectes sapidus, Penaeus aztecus, and Palae-
monetes pugio increase rapidly during the first two days
of exposure. in contrast to those of Rhithropanopeus har-
risii and  Eurypanopeus depressus which increased
slowly over the exposure period. Sensitivity to hypoxia
increased with temperature in Callinectes sapidus, Cras-
sostrea virginica, and Penaeus actecus, with salinity
effects being less significant. Natural habitat. activity
level, and seasonal differences appear to exist in the mor-
tality rate of these five species of crustaceans. Both Calli-
nectes sapidus and Eurypanopeus depressus died during
12 hours exposure to anoxia with little decline in the
metabolic rate, and their metabolic rate in 25% air satu-
rated seawater 1s reduced to only 32-40% of their meta-
bolic rate under normoxia. In contrast, both Crassostrea
virginica and Thais haemastoma are tolerant of 25% air
saturated seawater, with the rate of Thais haemastoma
being 76% of that under normoxic conditions. Metabolic
rate depression occurs in both species under anoxic sea-
water, to 75% of the normoxic rate in Crassostrea virgin-
ica, and 9% in Thais haemastoma.
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